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The HBx protein of hepatitis B virus is a dual-specificity activator of transcription, stimulating signal
transduction pathways in the cytoplasm and transcription factors in the nucleus, when expressed in cell lines
in culture. In the cytoplasm, HBx was shown to stimulate the Ras—Raf-mitogen-activated protein kinase (MAP
kinase) cascade, which is essential for activation of transcription factor AP-1. Here we show that HBx protein
stimulates two independently regulated members of the MAP kinase family when expressed transiently in cells.
HBx protein stimulates the extracellular signal-regulated kinases (ERKs) and the c-Jun N-terminal kinases
(JNKs). HBx activation of ERKs and JNKs leads to induction and activation of AP-1 DNA binding activity
involving transient de novo synthesis of c-Fos protein and prolonged synthesis of c-Jun, mediated by N-
terminal phosphorylation of c-Jun carried out by HBx-activated JNK. New c-Jun synthesis was blocked by
coexpression with a dominant-negative MAP kinase kinase (MEK kinase, MEKK-1), confirming that HBx
stimulates the prolonged synthesis of c-Jun by activating JNK signalling pathways. Activation of the c-fos gene
was blocked by coexpression with a Raf-C4 catalytic mutant, confirming that HBx induces c-Fos by acting on
Ras-Raf linked pathways. HBx activation of ERK and JNK pathways resulted in prolonged accumulation of
AP-1-c-Jun dimer complexes. HBx activation of JNK and sustained activation of c-Jun, should they occur in

the context of hepatitis B virus infection, might play a role in viral transformation and pathogenesis.

The human hepatitis B virus (HBV) X gene (HBx) synthe-
sizes a 154-amino-acid (17-kDa) transcriptional transactivator
(64, 65, 75) which has generally been viewed as a potential
cofactor in viral carcinogenesis. HBx has proved to be an
enigmatic polypeptide, possessing few structural features that
indicate a mechanism of transcriptional activation. It does not
bind DNA directly and contains no distinguishable homologies
to families of other transcription regulatory proteins. A variety
of transcription elements which are activated by HBx have
been identified. Activation has been localized to binding sites
for specific transcription factors such as NF-«kB (36, 38, 40, 42,
55, 56, 64, 76), AP-2 (54), AP-1 (7, 8, 31, 49, 54, 63), and
possibly ¢c/EBP (26, 40, 66). HBx was also shown to strongly
activate transcription by RNA polymerase III (6), which has
recently been shown to occur by HBx activation of TFIIIB and
increased levels of TATA-binding protein (69).

The mechanisms for transcriptional activation by HBx are
becoming clearer. A number of studies have suggested that
HBx might stimulate transcription at the promoter by enhanc-
ing the binding or activity of transcription factors and compo-
nents of the transcription apparatus (28, 39, 54, 66). In vitro,
HBx can bind the RPB5 subunit of RNA polymerase (16),
TATA-binding protein (52), and ATF/CREB (39, 72), in the
latter case altering its binding specificity. Other studies have
suggested that HBx activates cytoplasmic signal transduction
cascades (19, 34, 38, 49). Activation of signalling cascades was
established when it was demonstrated that HBx activates Ras
in vivo, leading to activation of Raf and mitogen-activated
protein (MAP) kinases (7). Activation of the Ras-Raf-MAP
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kinase cascade was shown to be essential for HBx activation of
AP-1 (7, 50, 60). At least a partial explanation may have re-
cently been provided for the variety of conflicting activities
reported for HBx. HBx was found to be distributed largely in
the cytoplasm and to some extent in the nucleus in transfected
cells (25). Cytoplasmic HBx was shown to activate the Ras-
Raf-MAP kinase cascade, leading to induction of AP-1 and
NF-kB, whereas nuclear HBx was found to stimulate HBV
enhancer I by 5- to 10-fold.

Activation of Ras by different stimuli induces AP-1 by acting
on several distinct protein kinases. Therefore, by investigating
the Ras-dependent mechanism by which HBx transduces acti-
vation of AP-1, we can begin to establish the molecular basis
for HBx activity. AP-1 is a dimeric complex of Fos and Jun
leucine zipper proteins. Fos-Jun heterodimers are more stable
and bind DNA more strongly than c-Jun homodimers (9, 11).
The Fos and Jun proteins that comprise AP-1 are generally
newly synthesized, although the activity of existing c-Jun pro-
tein is also regulated posttranslationally by phosphorylation (9,
12). In some studies, Ras activation has been linked to in-
creased phosphorylation of N-terminal c-Jun sites that stimu-
late new c-Jun synthesis (9, 59). Phosphorylation of N-terminal
sites is essential for autostimulation of new c-Jun synthesis (4,
5) and for transformation by c-Jun and oncogenic Ras (1, 59,
70).

Two groups of MAP kinases control the activation of AP-1.
One group, the extracellular signal-regulated kinases (ERKS),
were shown to be important Ras-dependent activators of the
c-fos gene but are not directly involved in the control of c-Jun
(30, 70). A second group of MAP kinases, termed JNKs, phos-
phorylate the N terminus of c-Jun (21, 22, 32, 35, 46, 57, 71).
JNKs are strongly activated by UV light and in some systems
more weakly by Ras. Activation of ERKs and JNKs is respon-
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FIG. 1. Effect of HBx on transcriptional activation of Ad early region pro-
moters E2, E3, and E4, determined by nuclear transcription runoff analysis.
HepG2 cells were infected with 25 PFU of wild-type Ad d/309, Ad CMV-X, or
Ad CMV-Xo per cell, nuclei were isolated and used for runoff analysis in the
presence of [a-*?PJUTP, RNAs were extracted, and equal amounts (10° cpm per
sample) were hybridized to slot blot filters containing an excess (500 ng per slot)
of single-stranded probe specific for regions E2, E3, and E4 or denatured salmon
sperm DNA (s.s. control). Ad CMV-X expresses the HBx gene under the control
of the CMV promoter in a genetically silent, replication-defective Ad vector that
lacks region E1. In Ad CMV-Xo, the HBx mRNA is deleted of all AUG codons.
Autoradiograms were quantitated by scanning densitometry.

sive to nonoverlapping stimuli via different signalling cascades
(23, 46, 61, 73); Ras activates the ERKs through a Raf path-
way, while the JNKs are activated through a pathway con-
trolled by MEKK-1 (45). Several studies demonstrated that the
small GTP-binding protein Racl mediates strong activation of
JNKSs, whereas activation of Ras without stimulation of Racl
leads to a moderate level of JNK activation (18, 44). INK
activation and N-terminal phosphorylation of c-Jun are be-
lieved to establish a positive autoregulatory loop that sustains
c-Jun synthesis (4, 5).

In this study, we investigated the molecular mechanism for
Ras-dependent activation of AP-1 by transiently expressed
HBV HBx protein in Chang cells, a poorly differentiated he-
patocyte cell line, and in HepG2 cells, a more highly differen-
tiated hepatocyte cell line. We demonstrate that HBx induc-
tion of AP-1 involves activation of ERK and JNK MAP
kinases, which together stimulate de novo synthesis of c-Fos
and c-Jun polypeptides, respectively. Importantly, the compo-
sition of AP-1 complexes was found to change during the
course of induction by HBx, from transient accumulation of
c-Fos—c-Jun heterodimers to prolonged accumulation of c-Jun
homodimers. The prolonged formation of c-Jun—-AP-1 DNA
binding complexes occurred posttranslationally by N-terminal
phosphorylation of c-Jun, carried out by moderate activation
of JNKs. Thus, HBx expressed transiently in hepatocyte cell
lines (in the absence of HBV infection) is shown to act on two
distinct pathways leading to activation of ERK and JNK MAP
kinases.

MATERIALS AND METHODS

Cell culture. Cell lines used in this study were obtained from the American
Type Culture Collection. Chang cells were propagated in modified Eagle’s me-
dium supplemented with 10% calf serum and 50 wg of gentamicin sulfate per ml.
HepG?2 cells were propagated in Ham’s medium supplemented with 10% fetal
calf serum and 50 pg of gentamicin sulfate per ml. Cells were made quiescent
(serum starved) for 24 h in 0.5% calf serum prior to infection with adenovirus
(Ad) vectors at 25 PFU per cell. After 1 h of infection, medium was made 2% in
calf serum to facilitate protein synthesis and expression of HBx protein. Com-
bined transfection-Ad infection experiments were carried out as described pre-
viously (7, 8). Briefly, subconfluent cell cultures were serum starved, then trans-
fected with 10 pg of DNA per 10-cm-diameter plate with plasmids encoding
catalytic mutants Raf-C4 (14) or MEKK-1 (45), and infected 5 h later with Ad
vectors as described above.

DNA band shift assays. DNA band shift assays were carried out essentially as
described previously (58). The oligonucleotide used as probe or competitor DNA
in band shift assays consisted of the double-stranded sequence 5" GGATGTTA
TAAAGCATGAGTCACTCAGGGGCGCA 3’, corresponding to the AP-1 site
in the collagenase promoter (42). Nuclear extracts for band shift analysis were
prepared by using a modified Dignam protocol (24). All extracts were standard-
ized for protein concentration before use. Binding reactions were carried out in
30-pl reaction volumes containing 3 g of nuclear extract protein, 10 fmol of
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5’-32P-labeled double-stranded oligonucleotide (approximately 10° cpm per re-
action), and 1 pg of poly(dI-dC) in 1 mM MgClL,-5 mM dithiothreitol-5 g of
bovine serum albumin (BSA)-0.3 mM phenylmethylsulfonyl fluoride-0.6 mM
EDTA-10% glycerol-20 mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic
acid (HEPES; pH 8.0)-100 mM KClI. Binding reaction mixtures were incubated
for 30 min at 23°C. DNA-protein complexes were separated from unbound DNA
by electrophoresis in 4% polyacrylamide gels containing 50 mM Tris-HCI (pH
8.0), 200 mM glycine, and 1 mM EDTA and 1X running buffer containing 50 mM
Tris-HCI (pH 8.5), 200 mM glycine, and 1 mM EDTA. The gels were dried,
audioradiographed, and quantitated by densitometry or phosphor image analysis
using ImageQuant software. Where indicated, unlabeled double-stranded com-
petitor DNA was added simultaneously with the labeled oligonucleotide. For
antibody competitor assays, specific polyclonal antibodies to JunB, c-Jun, or
c-Fos (Santa Cruz Biotechnology), or preimmune sera, were added to the bind-
ing reaction mixture prior to addition of labeled oligonucleotide for 15 min at
4°C.

Western blotting (immunoblotting). For Western immunoblot analysis, nu-
clear lysates were prepared by disruption of cells in 0.5% Nonidet P40-20 mM
Tris-HCI (pH 8.0)-15 mM KCI at 4°C. Fifty micrograms of nuclear protein was
resolved by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE) (15% gel) and transferred to nitrocellulose filters (Schleicher &
Schuell), using an electroblotting transfer system. Filters were preincubated for
2 h in Tris-buffered saline (TBS) containing 3% BSA at 23°C and then incubated
for 3 h with primary antibody to c-Fos or c-Jun protein in TBS-0.5% sodium
azide. Filters were washed three times for 10 min each in TBS-0.5% Nonidet
P-40 and incubated for 10 min in TBS containing 2% BSA. Filters were then
detected by using an enhanced chemiluminescence system (Amersham) and
audioradiographed at —70°C.

Construction of recombinant Ad. Construction of the wild-type HBV HBx
gene under the control of the cytomegalovirus (CMV) promoter into a replica-
tion-defective recombinant Ad vector has been previously described (25). North-
ern (RNA) blot analysis of HBx mRNAs and biological activity of HBx protein
were characterized as described previously (25). All virus stocks were titered on
293 cells before use.

Transcription rates in isolated nuclei. At 12 h after infection, nuclei were
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FIG. 2. Induction of AP-1 DNA binding activity by HBx in Chang cells.
Serum-starved cells were infected at 25 PFU per cell with Ad CMV-X or control
Ad dI312. Ad dI312 is genetically silent as a result of deletion of region E1 and
is phenotypically identical to Ad CMV-Xo. Cells were harvested at the indicated
times postinfection (p.i.), extracts were prepared, and equal amounts were used
to measure AP-1 DNA binding activity by band shift assay using a 32P-labeled
oligonucleotide probe containing one AP-1 binding site. Reactions were carried
out with 3 pg of nuclear extract, labeled oligonucleotide, and 1 p.g of poly(dI-dC)
for 30 min at 23°C. In competition experiments, a 100-fold molar excess of
unlabeled oligonucleotide (cold compet.) was added to the binding reactions.
Protein-DNA complexes were resolved by electrophoresis on 4% polyacrylamide
gels and visualized by autoradiography. Serum stimulation (SS) of cells for 3 h
was used as a positive control for induction of AP-1 DNA binding activity.
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FIG. 3. Enhanced accumulation of endogenous c-Fos and c-Jun proteins by
HBx in Chang and HepG2 cells. Serum-starved cells were infected by Ad
CMV-X or control Ad CMV-Xo at 25 PFU per cell; then at the indicated times
postinfection (p.i.), lysates were prepared as described in Materials and Meth-
ods, and equal amounts of protein were resolved by SDS-PAGE (15% gel),
transferred to nitrocellulose membranes, and immunoblotted with specific anti-
sera to c-Fos (A and C) or c-Jun (B and D). Immunoblots were detected with an
enhanced chemiluminescence system, and autoradiograms were quantitated by
densitometry.
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isolated from HepG?2 cells, using 3 X 107 cells per sample, nuclei were incubated
with [a->?P]UTP, and labeled nuclear RNAs were extracted as described previ-
ously (68). Slot blot filters containing 500 ng of M13 phage single-stranded
cDNAs to Ad early regions E2, E3, and E4 or denatured salmon sperm DNA
were prepared, hybridized to 10° cpm per sample, and visualized by autoradio-
graphy. Probes consist of single-stranded M13 phage DNA containing E2 (Ad
type 5 [Ad5] BamHI [59.5 map units {m.u.}]-X%ol [70 m.u.]); E3 (Ad5 EcoRI [76
m.u.]-EcoRI [84 m.u.]); and E4 (Ad5 SmaHI [92 m.u.])-HindIII [97 m.u.]).
Assay of protein kinases. JNK activity was measured by the solid-phase kinase
assay using glutathione S-transferase (GST)-c-Jun(1-223) as both ligand and
substrate essentially as described previously (30). Cell extracts were mixed with
GST—c-Jun prebound to glutathione-agarose beads, incubated at 4°C for 3 h, and
washed four times, and JNK—c-Jun complexes were retrieved by gentle centrif-
ugation. Beads were incubated in kinase buffer (20 mM Tris-HCI [pH 7.6], 2 mM
dithiothreitol, 50 uM ATP, 10 mM pB-glycerophosphate, 20 mM p-nitrophe-
nylphosphate, 0.5 mM Na;VO,, 5 uCi of [y-*>P]JATP) at 30°C for 30 min.
Phosphorylated GST—c-Jun was detected by SDS-PAGE (12.5% gel) and quan-
titated by autoradiography and densitometry. Assay for ERK activity was carried
out by phosphorylation of myelin basic protein (MBP) as described previously
(7). Briefly, cell extracts were prepared in lysis buffer [20 mM Tris-HCI (pH 8.0),
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40 mM NaP,O-, 50 mM NaF, 5 mM MgCl,, 100 uM Na;PO,, 10 mM ethylene
glycol-bis(B-aminoethyl ether)-N,N,N',N’-tetraacetic acid (EGTA), 2% Triton
X-100, 1% sodium deoxycholate, 6 mM phenylmethylsulfonyl fluoride, 40 pg of
leupeptin and aprotinin per ml]. ERK was immunoprecipitated with polyclonal
antibodies, resuspended in 20 pl of kinase buffer (40 mM HEPES [pH 7.5], 10
uM ATP, 40 mM MgCl,, 5 pCi of [y->*P]JATP) and 20 pl of MBP substrate (2
mg/ml; Sigma), incubated for 30 min at 30°C, and resolved by SDS-PAGE (18%
gel). Autoradiograms were quantitated by phosphor image analysis or densitom-
etry. Assay for Raf activation was based on the ability of Raf to phosphorylate
histone H5 (46). Cells were lysed as for ERK activity, and equal protein amounts
of whole cell lysates were subjected to immunoprecipitation with polyclonal Raf
antibodies as described above for ERK assays. Immune complexes were washed
extensively and incubated as described above, substituting histone H5 protein
(Sigma) for MBP and MnCl, for MgCl, (46). Reaction mixtures were incubated
at 30°C for 20 min and resolved by SDS-PAGE (18% gel), and autoradiograms
were quantitated by densitometry. Antibodies to ERKs and Raf were from
Upstate Biotechnology. GST—c-Jun was provided by B. Su and M. Karin (Uni-
versity of California, San Diego).

RESULTS

The HBx gene was constructed into a replication-defective
Ad vector to permit rapid introduction into cells and for ki-
netic analysis of AP-1 induction and activation of signalling
pathways. Ad-HBx recombinants were shown previously to be
replication defective, except in complementing 293 cells that
provide E1A and E1B gene products in trans, and to produce
biologically active HBx protein (7, 8, 25, 38). Several studies
previously demonstrated that cotransfected HBx does not ac-
tivate Ad promoters within the typical time frame of these
studies (12 to 24 h), including the major late promoter and
early promoters E2 and E4 (6, 65). This issue was examined
directly by measuring transcription rates of Ad early regions
E2, E3, and E4 in HepG?2 cells infected with Ad d/309 (wild-
type), Ad CMV-X, or control virus Ad CMV-Xo (Fig. 1). Ad
CMV-X expresses the HBx gene under the control of the CMV
promoter. In Ad CMV-Xo, an HBx mRNA that lacks all AUG
codons is expressed (7, 25). Some experiments used Ad di312,
a defective virus that lacks region E1, rather than Ad CMV-
Xo. The two viruses are phenotypically identical and can be
used interchangeably. Transcription runoff assays were per-
formed on nuclei isolated from HepG2 cells at 12 h after
infection in the presence of [a->*P]JUTP, and the products were
hybridized to filters containing probes specific for Ad early
regions. Regions E2, E3, and E4 were activated in wild-type
Ad-infected cells but not in those infected by Ad CMV-X or
the Ad-Xo mutant, which displayed only a very low level of
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FIG. 4. Changing composition of the AP-1 DNA binding complexes induced during expression of HBx in Chang and HepG2 cells. Serum-starved cells were infected
with Ad CMV-X or control Ad CMV-Xo at 25 PFU per cell and harvested at the times indicated, and equal amounts of Chang (A) or HepG2 (B) cell extracts were
assayed for AP-1 DNA binding activity by band shift analysis as described in the legend to Fig. 2. Evidence for c-Fos, c-Jun, and JunB participation in AP-1 complex
formation was carried out by preincubation of extracts with specific polyclonal blocking antibodies (Ab) corresponding to Fos and Jun proteins, for 15 min at 4°C, prior
to addition of labeled oligonucleotide containing an AP-1 binding site. Serum lanes contain preimmune sera as a control. stim., stimulated; cold compet., unlabeled
competitor.
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FIG. 5. HBx activates JNK. Serum-starved Chang cells were infected with Ad
vectors, or uninfected cells were treated with TPA (20 uM for 30 min) or EGF
(50 ng/ml) plus anisomycin (10 pg/ml) for 20 min. At 6 h after infection, cells
were lysed and JNK activation was measured by solid-phase assay (30). Whole
cell extracts (800 pg) were mixed with (GSH)-agarose beads containing 15 pg of
GST-c-Jun, incubated for 3 h, washed well by gentle centrifugation, and incu-
bated with [y-*2P]ATP in kinase buffer for 30 min at 30°C. GST—c-Jun was
recovered and analyzed by SDS-PAGE and autoradiography. The mobility of
GST—c-Jun protein is indicated. The results of three independent assays were
quantitated by phosphor image analysis and presented below a typical experi-
ment with calculated experimental errors.

nonspecific background hybridization. Identical results were
obtained from Ad CMV-X-infected Chang cells (data not
shown). Therefore, HBx does not induce activation of Ad early
promoters during the course of infection typically studied here
(12 to 24 h) and does not act by detectably stimulating tran-
scription of Ad genes.

HBx mediates prolonged induction of AP-1 DNA binding
complexes. AP-1 DNA binding activity was characterized to
determine the composition of the complexes and whether HBx
induces a transient or sustained increase in AP-1 complexes.
Monolayers of serum-starved cells were infected with either
Ad CMV-X or defective control virus Ad d/312, which is ge-
netically silent as a result of deletion of region E1A. Nuclear
extracts were prepared at various times postinfection. Forma-
tion of AP-1 DNA binding complexes was examined by band
shift assay using equal amounts of nuclear protein extracts and
a *?P-labeled oligonucleotide probe containing one AP-1 bind-
ing site (47). HBx induced a strong increase in AP-1 DNA
binding activity that was detectable by 3 h after infection,
plateaued by 12 h, and remained strongly elevated at 24 h (Fig.
2A). Control viruses Ad di312 and Ad CMV-Xo, which do not
express the HBx gene, did not produce an increase in AP-1
DNA binding activity (Fig. 2B). Similar results were also ob-
tained for HBx induction of AP-1 in HepG2 cells (Fig. 4B) and
will be described below with respect to the composition of
HBx-induced AP-1 DNA binding complexes.

HBx induces AP-1 DNA binding complexes that change in
composition during the course of induction. The levels of c-
Fos and c-Jun proteins were examined in Chang and HepG2
cells at various times after introduction and expression of HBx
by Ad CMV-X. Whole cell extracts were prepared from in-
fected cells, and the levels of Fos and Jun proteins were de-
termined by immunoblot analysis using specific antibodies
(Fig. 3). In resting cells, steady-state levels of c-Fos protein are
normally undetectable (time zero), as found here (33). After
introduction of the HBx gene, a transient increase of c-Fos was
observed with similar kinetics in both Chang and HepG2 cells.
c-Fos was clearly detectable at 6 h, plateaued to high levels by
12 h, and almost disappeared by 24 h (Fig. 3A and C). The time
points chosen for analysis of c-Fos protein levels correspond to
weak, strong, and sustained induction of AP-1 DNA binding
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activity in Chang and HepG?2 cells, respectively (Fig. 2A and
4B). There was no detectable induction of c-fos in HBxo ex-
pressing cells. Northern analysis showed that c-fos mRNA lev-
els correlated closely with the accumulation of c-Fos protein
(see Fig. 7; also data not shown). In contrast to the transient
accumulation of c-Fos protein, induction of c-Jun protein was
sustained (Fig. 3B and D). HBx stimulated an approximately
two- to threefold increase in c-Jun protein by 6 h, which accu-
mulated another two- to threefold by 24 h (Fig. 3B and D),
corresponding to prolonged induction of AP-1 DNA binding
complexes shown in Fig. 2A and 4B. In Ad CMV-Xo-infected
cells, the level of c-Jun protein remained the same or de-
creased slightly during the same period, probably because of
the reduction in protein synthesis. We therefore investigated
whether AP-1 DNA binding complexes induced by HBx
change in composition from Fos-Jun heterodimers to c-Jun
homodimers, in keeping with the changing abundance of these
polypeptides and the sustained synthesis of c-Jun.

Polyclonal antibodies specific to c-Fos, c-Jun, and JunB pro-
teins, or nonspecific antibodies from preimmune sera, were
used to block formation of AP-1 DNA binding complexes.
Addition of specific antibodies to extracts prior to addition of
labeled oligonucleotide probe blocks formation of AP-1 DNA
binding complexes by the targeted Fos or Jun polypeptide (48,
53). Antibodies specific to c-Jun protein prevented formation
of AP-1 DNA binding complexes induced by HBx at all times
tested, from 6 to 24 h after expression of HBx, in both Chang
and HepG2 cells (Fig. 4A, lanes 17 to 23; Fig. 4B, lanes 10 and
11). The slight resistance to depletion of AP-1 complexes by
c-Jun antibodies at the 12- and 24-h time points in Fig. 4A
could be overcome by doubling the amount of antibody used
(data not shown). Antibodies to JunB failed to prevent com-
plex formation at any time point tested (Fig. 4A, lanes 6, 9, and
12). The slight depletion of the lower nonspecific band by JunB
antibody in Fig. 4A, lane 6, was not a reproducible effect. The
quantitative disruption of AP-1 DNA binding complexes by
c-Jun and not JunB antibodies indicates that HBx induces
AP-1 complexes containing c-Jun protein and not other mem-
bers of the Jun family. Antibodies to c-Fos protein blocked
formation of AP-1 complexes induced in Chang and HepG2
cells by HBx only up to 12 h after infection with Ad CMV-X
(Fig. 4A, lanes 5, 8, and 11; Fig. 4B, lanes 8 and 9). AP-1
complexes formed 24 h after HBx expression were not detect-
ably disrupted by antibody to c-Fos (Fig. 4A [compare lanes 5
and 8 with lane 11] and B [compare lane 9 with lane 11]).
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FIG. 6. HBx activation of Raf and ERK. Serum-starved cells were infected
with Ad vectors at 25 PFU per cell, or uninfected cells were treated with 50 ng
of EGF per ml for 15 min or 20 pM TPA for 30 min. (A) HBx activation of Raf
in Chang cells. Cell extracts were prepared at 5 h after infection, and Raf protein
was immunoprecipitated and incubated with histone H5 protein and [y->*P]ATP
for 20 min at 30°C. Proteins were resolved by SDS-PAGE (18% gel) and quan-
titated by densitometry of autoradiograms. (B and C) HBx activation of ERK in
Chang cells (B) and HepG2 cells (C). Cells infected with Ad vectors for 5 h or
treated with TPA were lysed and immunoprecipitated with polyclonal antibodies
to ERK-1 and -2. Immunoprecipitates were incubated with MBP and [y->>P]ATP
at 30°C for 30 min. MBP was resolved by SDS-PAGE, detected, and quantitated
by phosphor image analysis.
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FIG. 7. Effect of MEKK-1 or Raf-C4 catalytic mutant expression on HBx induction of c-jun and c-fos genes. Serum-starved, subconfluent 10-cm-diameter plates
of cells were transfected with 10 pg of plasmids encoding dominant negative (d.n.) mutants of MEKK-1 (43) or Raf-C4 (14) for 5 h and then infected with 25 PFU
of Ad CMV-X or Ad CMV-Xo vector per cell as described previously (7, 8). Cells were harvested at the indicated times postinfection (p.i.). Uninfected cells were
treated with 20 wuM TPA for 30 min or 50 ng of EGF and 10 ug of cycloheximide (cyclo.) per ml for 20 min. (A) Western immunoblot of nuclear c-Jun protein
steady-state levels in Chang cells. Equal amounts of nuclear extract were resolved by SDS-PAGE (15% gel), transferred to nitrocellulose, and detected by immunoblot
analysis using a polyclonal c-Jun antibody and an enhanced chemiluminescence system. (B) Northern analysis of c-fos mRNA levels in Chang cells. Whole cytoplasmic
RNAs were prepared, and equal amounts were resolved by formaldehyde-agarose gel electrophoresis, transferred to nitrocellulose, and hybridized to 3P-labeled probes
for human c-fos or glyceraldehyde-3-phosphate dehydrogenase (GADPH). (C) Formation of AP-1 DNA binding complexes in HepG2 cells coexpressing the MEKK-1
dominant-negative mutant and HBx. Nuclear extracts were prepared at 12 or 24 h postinfection (p.i.), and formation of AP-1 DNA binding complexes was determined

by band shift assay as described in the legend to Fig. 2.

These results indicate that AP-1 DNA binding complexes
formed during the first 12 h of HBx expression consist of
c-Fos—c-Jun heterodimers, whereas complexes formed by 24
hours consist mostly of c-Jun homodimers. Antibodies to
Fra-1, a transcription inhibitor of the Fos family, had no effect
on complex formation (data not shown), in keeping with the
ability of HBx to induce transactivating rather than transre-
pressing AP-1 complexes. HBx therefore mediates formation
of AP-1 DNA binding complexes that change in composition
during infection, from c-Fos—c-Jun heterodimers to largely c-
Jun—-AP-1 dimers. The question of whether c-Jun—-AP-1 com-
plexes might also include heterodimers with ATF-2 protein
was not addressed in these studies.

HBx induces N-terminal phosphorylation of c-Jun protein.
Activation of Ras induces formation of AP-1 DNA binding
complexes by stimulating the c-fos gene through phosphoryla-
tion of the Elk-1/TCF transcription factor (27, 41). In some
studies, Ras also promotes N-terminal phosphorylation of c-
Jun protein by stimulating JNK activation (9, 40, 55, 63),
through a pathway that involves Racl and MEKK-1 (18, 44).
We previously showed that HBx activates AP-1 in a Ras-de-
pendent manner. Here we show that the Ras-dependent mech-
anism for HBx stimulation of AP-1 involves activation of two
distinct branches of the MAP kinase family comprising ERKs
and JNKs.

Activation of de novo c-Jun synthesis has been shown to
involve the strong binding and phosphorylation of the N-ter-
minal activation domain by JNKs (2, 9, 37, 51, 59). JNKs are
activated independently of ERKs (43-45). To determine
whether HBx mediates prolonged c-Jun—AP-1 synthesis by in-
ducing N-terminal phosphorylation of c-Jun, JNK activity was
assayed in Chang cell extracts by the solid-phase N-terminal
kinase method (30). GST-c-Jun(1-223), containing the N-ter-
minal site of phosphorylation, was immobilized on agarose
beads and used as ligand to bind JNK in extracts from cells
infected with HBx or HBxo. Control virus Ad-HBxo expresses
an HBx mRNA deleted of all AUG codons (7, 25). Uninfected
cells treated with anisomycin plus epidermal growth factor
(EGF), which very strongly induces JNKs (15) through a Racl-
controlled pathway (18, 43), was used as a positive control.
JNK bound to GST—c-Jun beads was retrieved, purified by
repeated centrifugation and washing, and incubated with
[y->*P]ATP, and phosphorylation of c-Jun was detected by

SDS-PAGE (Fig. 5). At 6 h after introduction, HBx induced a
20- to 25-fold increase in N-terminal c-Jun phosphorylation
compared with uninfected, serum-starved cells. Treatment of
uninfected cells with EGF plus anisomycin produced an 80-
fold increase in JNK activation (one-fourth as much extract
was used for this sample). Activation of JNK in the HBxo
control was slightly elevated in this experiment, which was not
reproducible and was within the experimental error of these
assays compared with basal (untreated) controls. The lower
band is a degradation product of c-Jun which has also been
observed by others. Specificity of JNK activation was demon-
strated by the failure to be activated by tetradecanoyl phorbol
acetate (TPA) treatment of cells. GST alone is not a substrate
for JNK phosphorylation (44, 45) and was not phosphorylated
in this assay (data not shown). These data demonstrate that
HBx stimulates the activity of the JNKs and subsequent phos-
phorylation of c-Jun, consistent with the prolonged accumula-
tion of c-Jun protein. A time course analysis showed HBx
activation of JNK N-terminal c-Jun phosphorylation at 12 h
after HBx expression, but at approximately one-half of the 5-h
level (data not shown).

Activation of Raf and ERK-1 and -2 was examined in cells
infected with Ad CMV-X or control virus Ad CMV-Xo. Raf
activity was measured by the ability of Raf immunoprecipitates
to phosphorylate histone H5 protein in vitro (46). Histone HS
protein was resolved by SDS-PAGE, and Raf activity was de-
termined by quantitating the level of histone labeled in auto-
radiograms (Fig. 6A). Strong Raf activity was evident in im-
munoprecipitates prepared from cells treated with EGF or
expressing HBx but not in HBxo or untreated controls. ERK-1
and -2 activities were independently assessed by immunopre-
cipitation of extracts with antibodies to ERK-1 and -2, followed
by incubation of immunoprecipitates with [y->?P]JATP and
MBP, a substrate of the ERKs. Labeled MBP was resolved by
SDS-PAGE. These results show that the ERKs were activated
only in cells expressing HBx or treated with TPA but not in
controls (Fig. 6B and C). HBx therefore stimulates pathways
leading to activation of Raf-ERK and JNK. Collectively, these
results demonstrate that HBx activates two different branches
of the MAP kinase cascade.

HBx activates c-jun through JNK-MEK kinase and activates
c-fos through Ras-Raf signalling pathways in both Chang and
HepG2 cells. Phosphorylation of c-Jun-AP-1 dimers by JNKs
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stimulates new synthesis of c-Jun by activating the c-jun gene
(4). Activation of JNKs involves a pathway controlled by
MEKK-1, which is distinct from Ras-Raf activation of ERKs
(17, 18, 35, 43). By utilizing a catalytically inactive MEKK-1,
we demonstrate here that HBx stimulation of the JNK signal-
ling pathway is essential to maintain prolonged de novo syn-
thesis of c-Jun protein. Quiescent (serum-starved) Chang and
HepG?2 cells were transfected with a plasmid expressing dom-
inant-negative MEKK-1 and infected 5 h later with Ad
CMV-X or Ad CMV-Xo. Infection shortly after transfection
drives the uptake of plasmid into the majority of cells in culture
(7, 8, 74), thereby leading to expression of the dominant-
negative inhibitor in most of the same cells that are infected
with the virus vector and express HBx. Previous studies by our
laboratory and others have demonstrated the utility of this
approach. At various times after infection, cells were harvested
and the levels of c-Jun protein present in equal amounts of
nuclear Chang cell extracts were determined by SDS-PAGE
followed by immunoblot analysis with c-Jun antibodies (Fig.
7A). The identity of c-Jun protein in blots was confirmed by its
molecular weight and specific induction by known activators.
Controls included uninfected cells with and without exposure
to TPA (lanes 1 and 2). HBx induced stimulation of new c-Jun
synthesis, assayed between 6 and 24 h (lanes 3 to 5), which was
efficiently blocked by prior transfection with the MEKK-1 cat-
alytic mutant (lanes 6 and 7). Cells expressing the HBxo gene
did not accumulate additional c-Jun (lanes 8 and 9).

We next determined whether HBx induction of the c-fos
gene occurred through a Raf-controlled pathway. Chang cells
were transfected with a plasmid expressing the Raf-C4 domi-
nant-negative inhibitor and then infected with Ad CMV-X as
described above. Induction of the c-fos gene was investigated
by Northern analysis at 10 h after infection. The Raf-C4 mu-
tant largely (but not completely) blocked HBx activation of
cfos (Fig. 7B). The inability of the Raf-C4 mutant to fully
suppress accumulation of c-fos mRNA probably reflects leak-
iness of this dominant-negative mutant (7) rather than HBx
activation of other c-fos stimulatory cascades. Further evidence
for prolonged induction of c-Jun by HBx activation of JNK was
obtained in HepG2 cells. Cells were transfected with the
MEKK-1 dominant-negative mutant and then infected with Ad
CMV-X, and formation of AP-1 DNA binding complexes was
analyzed by band shift assay (Fig. 7C). Whereas HBx strongly
stimulated formation of AP-1 DNA binding complexes mea-
sured at 12 and 24 h, complex formation was blocked by co-
expression with the MEKK-1 dominant-negative protein. Since
c-Fos, c-Jun, and AP-1 DNA binding complexes are present at
only very low levels in serum-starved cells, these data collec-
tively demonstrate that HBx induces the c-Jun component of
AP-1 by acting on JNK signalling pathways controlled by
MEKK-1 and induces the shorter-lived c-Fos component by
acting on the Ras-Raf pathway. HBx appears to increase the
activities of ERK (7) and JNK (data not shown) rather than
abundance.

DISCUSSION

AP-1 DNA binding activity is regulated in a complex manner
involving different patterns of Fos and Jun protein expression.
The type of AP-1 complex formed partly accounts for the
conflicting cell functions associated with induction of the fos
and jun genes, which range from proliferation and transforma-
tion to differentiation and growth arrest (reviewed in reference
33). We therefore characterized (i) the signalling pathways and
the mechanism by which HBx activates AP-1 and (ii) the types
of complexes induced. HBx was found to mediate a prolonged
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accumulation of AP-1 DNA binding complexes in Chang cells
(Fig. 2A) and in HepG2 cells (Fig. 4B), which were sustained
for at least 24 h, beyond which activation could not be reliably
analyzed. Characterization of AP-1 complexes induced by HBx
was performed with blocking antibodies directed to different
members of the Fos and Jun family (Fig. 4). HBx first induced
the transient accumulation of c-Fos—c-Jun heterodimers in
Chang and HepG2 cells between 3 and 12 h, which was re-
placed by the marked accumulation of c-Jun homodimers be-
tween 12 to 24 h. HBx induced de novo synthesis of c-Fos
protein consistent with its transient participation in AP-1 com-
plex formation (Fig. 3). Studies have shown that the ERKSs
mediate activation of the c-fos gene in a Raf-dependent path-
way (30, 70). We previously showed that HBx induces activa-
tion of the Ras-Raf-MAP kinase cascade (7, 25), consistent
with the ability to mediate de novo synthesis of c-Fos. In this
report, we further demonstrate that HBx rapidly activates the
ERK members of the MAP kinases, with kinetics consistent
with stimulation of the c-fos gene (Fig. 6), in differentiated
(HepG2) and poorly differentiated (Chang) hepatocyte cell
lines. Moreover, a catalytic mutant of Raf blocked HBx induc-
tion of the c-fos gene (Fig. 7). A surprising result of this study
was the prolonged induction by HBx of high levels of c-Jun—
AP-1 complexes, which largely replaced c-Fos—c-Jun com-
plexes by 24 h after HBx expression (Fig. 4).

Continued accumulation of active c-Jun protein involves
stimulation of c-jun transcription and posttranslational control
by phosphorylation. Transcription of the c-jun gene is strongly
stimulated by EGF plus anisomycin, or UV light, and in some
cell systems it is moderately stimulated by activation of Ras
(22). New c-Jun synthesis involves binding of active c-Jun ho-
modimers (3, 20) or c-Jun-ATF-2 heterodimers to the c-Jun
promoter (67). HBx has been shown to interact with transcrip-
tion factor ATF/CREB (39) and alter its binding specificity
(72). Whether de novo synthesis of c-Jun protein induced by
HBx involves formation of c-Jun-ATF-2 complexes, and
whether these complexes might persist in HBx-stimulated cells,
has not yet been determined. It is clear, though, that HBx
induces the c-jun gene by activation of JNK signal transduction
cascades.

The transcriptional activation of the c-jun gene is very
strongly elevated by N-terminal phosphorylation of c-Jun pro-
tein carried out by the JNKs (21, 22, 31, 35, 45, 57, 71). Using
a solid-phase assay for c-Jun N-terminal binding and phos-
phorylation, we provided direct evidence for HBx stimulation
of JNK activity (Fig. 5), by acting on JNK signalling pathways
controlled by MEKK-1 (Fig. 7). Temporally, HBx activated the
JNKSs rapidly, with kinetics similar to that for ERK activation
(data not shown). HBx induced moderate (20- to 25-fold)
activation of the JNKs, similar to that observed for activation
by Ras without Racl involvement (18, 45) but considerably
lower than the strong activation (~80-fold) observed for EGF
plus anisomycin (Fig. 5) (15, 43-45), which acts through a
Racl-controlled pathway (18, 43). It therefore seems likely
that HBx activation of JNK occurs through a Ras-MEKK-1
pathway that does not involve Racl, although this point needs
to be explored further. The level and kinetics of JNK activation
by HBx are also consistent with the strong induction of AP-1
DNA binding activity observed. HBx activation of c-fos was
found to occur through a Ras-Raf pathway, as expected (Fig.
7). Collectively, these data demonstrate that HBx activates
AP-1 by rapidly inducing activation of ERK and JNK MAP
kinases. We previously showed that HBx activation of Ras is
essential for its activation of MAP kinases and AP-1 DNA
binding activity (7). These results suggest that HBx stimulates
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Ras-dependent signals that transduce independent activation
of two distinct branches of the MAP kinase cascade.

There are other reports of AP-1 DNA binding complexes
changing during the course of induction from dimeric c-Fos—
c-Jun to c-Jun complexes, as observed here. These include
AP-1 complexes induced by thrombin (62), tumor necrosis
factor alpha (13), serum stimulation of rat and chicken fibro-
blasts (29), and predifferentiation growth arrest in keratino-
cytes by various agents (10). In all cases, it is believed that
prolonged accumulation of c-Jun—AP-1 complexes results from
autostimulation of the c-jun gene. The c-Jun—-AP-1 dimers
observed here accumulated to levels similar to those observed
in previous studies, which were sufficient to influence cellular
transcriptional activity.

Activation of Ras transduces signals to multiple targets in
mammalian cells. Moreover, Ras possesses at least two sepa-
rate activities for transformation, one of which includes acti-
vation of Raf and ERKSs (70). The nature of the other signal(s)
is not known but likely includes N-terminal phosphorylation of
c-Jun and activated JNKs, at least in some cells (70). Thus,
since HBx can stimulate cell proliferation (7) and rapid pro-
gression through the cell cycle in a Ras-dependent manner (8),
it now needs to be determined whether HBx induction of cell
proliferation involves activation of the ERK and JNK branches
of the MAP kinase pathway and whether these activities occur
in the context of an HBV infection.
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